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Colorado-radiosonde observations of temperature and humidity were also available.

The data, after conversion to attenuation by use of the mean radiating temperature
approximation, were processed to derive attenuation statistics. Both clear and

cloudy attenuation characteristics are examined and compared with results from most
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OIlSERVATIONS OF ATMOSI'iIERIC EMISSION AND A'ITENUATION
AT 20.6, 31.65, AND 9(I GIIz BY A GROUND-BASI D RADIOMETER*

E.R. Westwater, J.I1. Snider, and M. flails
NOAA/ERIJWave PrOl'mgation t.aboratory

Boulder, Colorado 80303

AI_,STRACT. During 1987 and 1988, ground-based zenilh-viewing obser-
valions of atnlosfllleric Illermal emission were made at frequencies of 20.6,
31.65, and 90.0 Gl-lz. At the locations of the experirnents-San Nicolas Is-
land, Calil'omia, and Denver, Colorado-radiosonde observations of tempera-
ture and humidity were also available. The data, after conversion to attenu-
ation by use of the mean radiating temperature apf_roximalion, were proc-
essed Io derive attenuation stalistics. Both clear and cloudy altenuation char-
acleristics are exarnirted and compared with results from most recent theo-
ries. The predictability and interdependence of the three separate ch_'nnels
are also examined. It is found thai attenuation for any two channels can
pJ'edict that of the third to within 25%. .]

i
i

1. 1N'I'iIOI)UCTION ,

Over the past decade,, the Wave Propagation Laboratory (\VI'I_) Ilas designed,

constructed, anti field-tested several ground-based microwave radiometers to observe

the allUOSlfllere (llogg el al., 1983; Weslwater alltl Snider, 1987). In particular, exten-
sive experience has been gained by using both zenith-viewirlg and steerable dual-fre-

quency instruments operating at 20.6 olltl 31.65 GIIz. These instruments continue to

provide unique and nleleorologically useful observations of precipitable water vapor

(V) and integrated cloud liquid (L) Perhaps equally useful, but certainly not as well

slutlietl, are the microwave altentmlion characteristics that these devices can easily pro-
vide. Within the last ),eat', WPL extended its radiometric capabilities hy adding a chan-

nel al 90.0 GIIz Io the steerable and transportable radiometer. All three channels have

equal beamwidtlas of 2.5", point in the same tlirection from the same location, and

hence are capable of sin'mltaneously rncasuring emissiori and attenuation from the

same vohlme of air. We present here exam01es of some of the data laken with the new

system; frorn these data, several statistical and physical quantities, relevant In radio
prnl3agation :;tttdics, are tlerived and compared with theory.

* This work has been sponsored I"5, the Jet I'rol'_ulsion I..nboralory under the nuspi:.'ies

of the National Aeronautics and Space Atlministrationl,(NASA ) as a part of the
NASA l'ror_agation Exl'_erimenters (NAI'EX) I'wogram.
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2.1 San Nicolas Island, California, July 1987

In July 1987, Wi'L participated in an investigation of the characteristics of rna-

rine stratocumulus clouds at San Nicolas Island (SNI), located apl'woxirvmtely 50 nauti-

cal miles west of Los Angeles. Zenith brighlness lernperatures were observed corllJnu-

ously by the WPL mobile, microwave radiometer operating at 20.6, 31.65 and 90.0

GIh. Although the primary purpose of the SNI observations was to study cloud proper-

lies, a second_ry goal was to acquire statislics on attenuation by cloud liqtfitl waler,

especially at 90.0 GIIz. Supporting data for the attenuation measurements at SNI were

provided by radiosondes launched up to several times daily and by standard surface

meteorological observations.

Clouds were persister, during file 3-week irleastlremen! period, being present
76c.'_of the lime. The V was variable, ranging from about 0.9 to 3.1 crn and having a
mean value of 1.9 cm.

2.2 Denver, Col,ratlo, December 1987

The mobile three-channel radiomeler was installed at the Denver (DEN) National

Wealher Service Forecast Office (NWSFO) in December 1987, where il operated al,_r_g-

side the WPL six-channel radiometer (Microwave Radiometric Profiler, lvlRP), which

measures V, 1., and temperature profiles. Supporting data were provided by the MP,P,

by the daily radiosondes released at standard limes of 2300 and II00 U'|'C, arid by

surface meteorological observations. Denver weather in December is characlerized by

relatively dry periods (V _<0.5 cm) and occasional periods of snow. Clouds containing

supercooled liquid water are common, especially just before and during precipilation.

15/o of the time. The V was low,In contra_t Io SNI, cloutls were present only o,

ranging from 0.1 to 1.0 cm and having a mean value of 0.5 cm.

2.3 i)enver, Colorado, Augusl 1988

The three-channel radiometer was operaled continuously during August 1')88.

These observations were taken under typical Denver surrlrner conditions; the V was

variable (I.0_5-3.29 cm with a mean valt!e of 2.03 cm), and liquid-bearing clouds were

present il.8% of the time. As in Deceml)er 1987, sul)porting data were providetl by

Ihe MRP, by NWS radiosondes, and by surface meteorological observations.

2.4 General

Radiometers arc calibrated using the "tipping curve," that is, the elevation scan,

method in which absolute absoi'plion at each operating frequency is calculated from

the slope of the relative absorption versus relative path length (air mass) measured as

"' 2 --

1989017886-008



tile radiometer antenna is scanned in elevation (llogg et al., 1983). Tipping curve calf

bralions are performed only dtlring clear weather. The radiometer outptlt at each oper-

ating frequeney is related to the atrnospheric brightness temperatt_re "I'L,, calculated

from the absolute absorpliorl r (in nepers) by

"rt, = 2.75 e-' + (I - e-r)T,,,, (I)

where T,,,, is a rnean radiating temperature of the atmosphere and 2.75 is the cosmic

I_ackground brightness (bolli in kelvins). T,,,r is normally calculated from climatological
radiosonde tiara and was done so for DEN, December and August. For SNI, however,

T,,,r was computed from Ihe 69 soundirlgs recorded during July 1987. The absorptions
r discussed in1Sections 4 to 6 are presented in decibels aml are COll_pttted [rofll the

measured brightness temperatures by

r(dB) = 4.3-13 In 'r,,_, - 2.75 12)
'l'nu - "1"1,

i Different Immitlity sensors were eml31oyetl by the radiosondes at SNI anti DEN.

Sountlhlgs at SNI were made using Vaisala RS80 ratliosoildes with I IUMICAP hunlidily
sensors. At I)EN, standard VIZ radiosondes with ACCU-LOK humidity sensors were

employed. Accuracies of 2% are claimed by both manufacturers. I lowever, to the
attthors' knowletlge, a rigorous interconaparison of the Iwo units has not been made.

P,epresenialive brightness temperatures measured simuhaneously tit each operating

frequency are shown in Fig. 1 for SNI and DEN. The maxima and higher scintillation
rates are associated with liquid-bearing clouds. Note the increase in brightness tem-

peraluJ'e at 90.0 GIIz relative It, 20.6 and 31.65 GIIz as clouds pass through the radi-
ometer antenna beam. Note also the higher brightness temperalures at till frequencies

at I)[-N tltlring August. This increase is due to high amounts of moisture.

3. A'rI'I]NUATION STATISTICS

The data were edited in several ways before statistics were computed. I:irst, 24-h

lime series of all data were plotted anti then visually inspected for the presence of out.

fiefs or qttestionable points. For DEN data, measurela_ents tit 20.6 and 31.65 GIIz were
also available from an adjacent radiometer; these also were used in visual editing. Af-

ter the preliminary ediling was completed, comptfler screening, based o,1 al_proximatel)'

known physical relationships between the frequellcies, was perlormed. This additional

screening elilllinatcd, for example, a segment of data in which snow on toe anleilna
adversely affected the 90.0 GIIz channel. After these stringent procedures were ap-

plied, there remained a total of 4805 5.rain.average data for SNI (about .100 h), and
17,792 2.rain.average data for I)EN August (about 598 h).

The cumulative distribt,tions {Figs. 2-I) are markedly different for all three data

sets and for all three frequencies. These differences reflect climatic differences be-

3
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Fig. I. (Continued) (C) Denver, Colorado, 6 August 1988.

Iween the twt_ locations and helween the two season._ at I)enver. First, the sea-level al.

lilude of SNI alwa)'s results in dr)' atlenttalion greater than Ihat at DEN. Se_.'ontl, the
ineall hul]lidit)' at SNI anti at I)EN August are rou_hl), about a factor of 3 higher than
at I)EN December, resulling in a high al._sorption by vapor. The largest differences,
ht)wever, were in cltmd liquid: The marine stratoctmsulus clouds of SNI contained

76,e of the lime and were only rarely present at temperatures belowmeasurable liquid r,,
().O°C'; the winter clouds at I)I-N contained measuraNe liquid about 15% of the time

anti were frequently stipercooletl', the sdmmer clouds tit i)F_.Nwere present roughly
12% of Ihe lime and, at limes, contained much more liquid Ihan those of SNI. Sum-
mer cloutls in I)I:N fretluelltly are cumuhls and cumuloi_iillbus types, Imll'l of which
can contain hlrge anlotlnlS of liquid.

4. CI,EAlt,.,&IR AI|S(llliri'iON; I_I()llEI,ING YEltSUS igXI'EltlI_II_,NT

The dominant microwave ahsorption from atmospheric ga._e._ in the trol_o._phcre

,,rises from waler vapor and oxygen, and the modeling of this absorl_tion over the fre-

quency range o1"I-lOO0 (311z has been extensively studied by I,iebe (198.g). For water

vapor, I,iebe's niodel rises the known properties of till 1120 specli'al lines below lO00

5
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GI Iz and a Van Vleck-Weisskopf line shape to calculate the absorption. In addition, a
"eontinuun£' term, which accounts for contributions from lines above 1000 GIIz as

well as from possible dimer contributio,ls, is added to the line contributiorl. We used

data I'rorn a recent publication of Liebe and Layton (1987) to model 1120 absorption
as a function of pressure, temperature, and water vapor pressure. Oxygen absorption
was modeled using Liebe's formulas and computer software but with an updated ver-

sion of 02 interl'ererlce coefficients given by Rosenkranz (1988). Our experience has
beel, that the wing absorption at 20.6, 31.65, and 90.0 GIIz is sensitive to the value of

the O2 interference coefficients. For example, the constants giveq by Liebe and L.ayton
gave rise to calculated brightness temperatures at 90.0 (311z that differed frorn our

measurement (and from ealculations based on Rosenkranz's values) by about 5". Ilow-
ever, Liebe arid Layton's constants gave slightly better agreement at 20.6 and 31.65

GI Iz. Thus, for very precise calculations, such as those required in remote sensing,
further study may be necessary.

We calculated brighiness temperature fr'onl radiosonde soundings of temperature,
pressure, and water vapo,', as a function of height. Sinee radiosondes do not measure

cloud liquid, only data taken under clear" conditions can be used for comparison. Ta-
bles 1-3 show mean and rms differences of measured and calculated brightqess lem-
peralures at SNI and DEN.

It is apparent from .these tables thai the agreement between theory and experi-
ment in calculating clear" air brightness temperatures is not completely satisfactory.
Fairly substantial differences in the mean brightness ternperattwe are present. I lowever,

the low stantlard deviations of the meastuernents for SNI and for DEN December sug-
gest that some of the differences may be due to modeling the almost-constant dry
lerm. The larger standard deviations and biases durit,g DEN August suggest a problem
in calculating absorption by water vapor. When comparing radiometer rneasuremenls
with parameters de,ived from radiosontles, it should ahvays be kept in mind that there
;',re differences in the volumes of air sampled between Ihe two instruments, and that
the ra,liosonde ilself is not a perfect inslrument. Nevertheless, it seems that the mean

differences between theory and experiment are significant, and that minor adjt_stments
in parameters may be necessary.

"l'able I. Comparison between measurements and calculatior, s of brightness temperature

at three frequencies at San Nicolas Island, California, July 1987 for a sample size = 14

20.6 GIIz 31.65 GIIz 90.0 GIIz

lVlean difference (K) 2.88 1.80 1.39
Standard deviation (K) 0.65 0.32 !. 16

-9-
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Table 2. Comparison between meastlrements and calculations of brightness temperature
at three freqtleneies at Denver, Colorado, Deeember 1987 for a sarnple size = 22

20.6 Gltz 31.65 Gl-lz 90.0 GHz

Mean difference (K) 1.68 1.08 0.46
Standard deviation (K) 0.72 0.33 0.97

Table 3. Comparison between measurements and calculations of brightness temperatt,e

at three frequencies at Denver, Colorado, August 1988 for a sample size = 37

20.6 GHz 31.65 Gllz 90.0 GHz

Mean difference (K) 3.85 0.47 0.95
Standard deviation (K) 1.44 0.81 2.25

I 5. OBSERVATIONS OF ATI'ENUATION FRO/_I CLOUDS

In attempts to verify calculations of microwave emission and atlent,alion fl'om

clouds, a limitation has been that conventional radiosondes do not measure cloud li( I-
uid. Even if they did, the highly variable feral)oral and sl)atial characteristics of clot0(Is

g.auld make comparisons difficult. With our ratliometer design of equal bealllwidths at J

all three channels, emission from a common volume can be observed simultaneously, i
If we can estimate oxygen and water vapor emission when clouds are present, we can

then study relative cloud effects between the three channels. The procedtlre Ihal we

use is straightforward and seemingly effective. We first establish a lower cloud liquid

threshold L_ for the presence of clouds, using the 20.6 and 31.65 GHz channels. In

the past, this threshold has proved to be effective in separating clear and cloudy condi-
tions. Next, we derive V from Ihe dual.chalmel measurements. This determinalio,1 of V

has been extensively verified by comparison with radiosonde data, and indeed, is of

the same order of accuracy as the radiosonde data. For data whose infe,'red I, is less

than L_, that is, the "clear" set, we derive a regression relation between the measured

absorption rd, and V:

r_lr = A + BV . (3)

The frequency-dependent coefficients A and B in (3) have the physical significance of

dry attenuation and the mass absorption coefficient. Finally, for the data whose in.
ferred L is greater than l.t, float is, the "clotKly" set, we determine the cloud attenu-

ation rct_ by

-10-
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Tcld = T -- rcu

r,:.l: r - A- BV

: C + DL. (4)

The coefficient D has the physical significance of the mass-absorption coefficient
for cloud liquid, whereas if the procedure of subtracting clear attenuation from cloud
attenuation were perfect, C would be zero. It should be understood that V in (4) has
been derived from Ihe absorr_lions in cloudy conditions measured at 20.6 and 31.65
GI Iz. We also derive L, but of course the accuracy of this determination has not been
experimentally established, althougl'_ theoretical estimates yieh.I an accuracy of 0.0033
cm rrns (Ciolti el al., 1987). Our results on Ihe relationships between attermalion at
the various frequencies are shown in Section 6; here in Tables 4-6 we present the re-
suits or our regressio,1 analyses to determine A, B, C, and D.

The values presented in these tables show that there is reasonable agreement be-
tween modeling and experiment, but also that, at Denver, in December, where the sur-

face r_ressure is about 830 mb and the surface temperatures are frequently below zero,
i'_erhar_saddifio,ml rel'i'_ernents are necessary. Since cloutl liquid attenuation is sensitive
to teml'_eraiure, I)erhaps the disagreement between rneasurements and calculations at
90.0 Ollz is significant. We inlend to study this as more data become available.

6. PI,tEI)ICTAIIILITY OF ATFENUATION BETWEEN VARIOUS FREQUENCIES

i A fairly extensive amount of brightness temperature dala at 20.6 anti 31.65 Gllz
i is available. Si0_cedata at 90.0 GIIz are not i_lentil'ul, and since simtultarleous measure-
i merits at all three frequencies are scarce, it is of interest to examine their between-

channel prediclability. Such consideralions are important when attenualion is being esti-
maled at various Ioeations, and also for multifrequency remote sensing, when the con-
sitleration o1 del'_endenlchannels is of LiInlosI imporlance. We determined regression
relalions belween Ihe various channels for clear, cloudy, and all condilions. The form
of Ihe linear regression is

r (tlel'_endenl)= co + Cl r l (indel_endent) _-c2 r2 (independenl). (5)

The rest,Its or the regression analyses are shown in Tables 7-9.

It is clear from "rabies 7-9 thai Ihere is a high degree of prediclability between
the channels, anti that if care is taken to distinguish between clear and cloudy condi-
lions, Ihe correlation coel'ficients are greater than about 0.90 for the linear regression
equations. I lowever, since Ihe coel'ficients vary considerably from location to location,
and, for a fixed location, from season to season, extrapolation between clifferent cli-
males is no! suggesletl.
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Table 4. Regression coefficients, determined for three fi'equen.:ies, for predicting zenith
absorption r (dB) from precipitable water vapor V (cm) or from integrated cloud

liquitl L (cm) ]see Eqs. (3) and (4)], San Nicolas Island, California, July 1987

Coefficient 20.6 Gl-lz 31.65 Gl-lz 90.0 GI Iz

Clear conditions
(L < 0.0033 cm; N = 3417)

A (LIB) 0.0494 0.128 ! 0.2392
B (dB/cm) 0.1974 0.0787 0.3328
Corr. coeff. 0.9995 0.9811 0.9705

Clear conditions
(calculated fi'om 14 radiosondes)

A (dB) 0.0812 0.1333 0.2387
B (tlB/cm) 0.1759 0.0782 0.3488
Corr. coeff. 0.9797 0.9595 0.9518

Cloudy conditions
(,L > 0.0033 cm; N = 14168)

C (dB) 0.0055 0.0073 0.0183
I) (dB/cm) 3.5582 8.1057 45.2292
Corr. coeff. 0.9338 0.9662 0.9926

Table 5. Regression coefficients, determit_ed for three frequencies, for predicting zenith

absorption r (LIB) from precipilable water vapor V (cm) or fi'om integrated cloud

litluid L (era) Isee Eqs. (3) and 14)1, Denver, Colo,atlo, December 1987

Coefficient 20.6 GHz 31.65 GHz 90.0 GIIz

Clear coqtlitiotls
(L < 0.0033 cm; N = 12015)

A (dB) 0.0499 0.1073 0.188 I
B (LIB/era) 0.1894 0.0547 0.2575
Corr. coeff. 0.9967 0.8,119 0.7681

Clear conditions
(calculated from 937 radiosondes)

A (LIB) 0.0373 0.082 ! 0.1355
B (dB/cm) 0.18 ! I 0.0643 0.32,1,1
Corr. coeff. 0.9717 0.8205 0.9732

Cloudy condilions
(L > 0.0033 cm; N = 2166)

C (LIB) -0.0030 -0.0065 0.0136
D (dB/cm) 4.5601 11).3796 38.9128
Corr. coeff. 0.9999 0.9999 0.9728

Cloudy contlitions
(.calculated trom 500 radiosondes; cloud liquid

detel'mined from a cloud model)
C [dB) 0.0028 0.0074 -0.0812
!) (dl]/crn) 4.5166 I1).I 190 52.9839
Corr. coeff. 0.9922 0.9951 0.995,1
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Table 6. Regression cocfficients, determined for three frequencies, for predicting zenith
attenuation r (dB) from precil;fitable water vapor V (cm) or from integrated cloud

liquid L (ca1) Isee Eqs. (3) and (4)J, Denver, Colorado, Atlgu_t 1988

Coeflicient 20.6 GHz 31.65 GHz 90.0 GIIz

Clear conditions

(I., < 0.0033 cm; N = 15701)
A (riB) 0.0286 0.0629 0.0165
B (tlB/cm) 0.1771 0.0652 0.3284
Corr. coeff. 0.9973 0.9078 0.9531

Clear contlitions

(calculated fi'om 2870 radiosondes)
A (dB) 0.0337 0.066-1 0.0463
B (tll:l/ct;;) 0.1751 0.0695 0.3560
Corr. coeff. 0.9997 0.9811 0.9786

Cloudy conditions
(L >_0.0033 cm; N = 2091)

C (dB) 0.0076 0.0174 0.0949
D (dB/cm) 3.6747 8.4485 38.4164
Corr. coeff. 0.9999 1.0000 0.9975

Clot,dy conditions
(calculated from 2217 radiosondes; cloud liquid

determined from a cloud model)
C (dB) 0.0035 0.0066 0.0105
D (dB/cm) 3.7836 8.4907 47.3629
Corr. coeff. 0.9883 0.9907 0.9956

"Fable 7. Regression relations between abso,ption -r (dB) at 20.6, 31.65, and 90.0 GIIz

at San Nicolas Island, California, July 1987 Isee Eq. {5)1

Regression relation Statistics*

Cleat" conditions

iL < 0.0025 cm; N = 3,117)
r(20.6) =-0.271- 0.055 T(90.0) r(31.65) 0.011, 0.986, 3.5
T(31.65)= 0.086 + 0.1,11 T(90.0)+ 0.162 'r(20.6) .003, 0.995, 1.1
r(90.0) =-0.332- 0.107r(20.6)+ 4.50 1"(31.65) 0.015, 0.991, 2.2

Cloudy conditions
(L > 0.0025 cm; N = 1,1162)
r(20.6) =-0.0,14- 0.890r(90.0)+ 5.72 _r(31.65) 0.04I, 0.933, 6.3
r(31.65) = 0.093 + 0.172 r(90.O) + 0.089 _r(20.6) 0.003, 0.99t_, 1.4
"r(90.0) =-0.539- 0.,160'r(20.6) + 5.73 r(31.65) 0.029. 0.998, 2.1
Alldata
(N = 2,1129)
_(20.6) =-0.385 - 0.8:19 r(90.0) + 5.-13 r(31.65) 0.039, 0.939, 9.7
'_(31.65) = 0.087 + 0.175 r(90.0) + 0.092 "r(20.6) 0.005, 0.999, 1,6
1(90.0) =-0.,199 - 0.,163 r(20.6) + 5.6,1 "r(31.65) 0.029, 0.998, 2.5

* Statistics are standard error of estimate, the correlation coefficient, and 100 times
_tandard error of estimate divided by the mean.
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Table 8. Regression relations between absorption -r (dB) at 20.6, 31.65, and 90.0 GI Iz
at Denver, Colorado, December 1987 [see Eq. (5)1

Regression relation Statistics*

Clear conditions
(L < 0.0033 cm; N = 12105)
r(20.6) =-0.272 - 0.023 '1(90.0) + 3.57 "r(31.65) 0.024, 0.889, 16.1
'r(31.65)--- 0.076 + 0.136'1"(90.0) + 0.108 'r(20.6) .004, 0.972, 3.0
1"(90.0) =-0.396 - 0.252 1(20.6) + 5.57 T(31.65) 0.026, 0.958, 8.2

Cloudy conditions
(L > 0.0033 cm; N = 2166)
r(20.6) = 0.055 + 0.047 "r(90.0)+ 0.443 "r(31.65) 0.028, 0.956, 12.6
a'(31.65)= 0.019 + 0.178'r(90.0)+ 0.455 T(20.6) 0.028, 0.981, 10.0
,r(90.0) =-0.207 + 0.892 1"(20.6) + 3.27 1"(31.65) 0.122, 0.958, 13.3

All data
(N = 14181)
1"(20.6) = 0.084 + 0139T(90.0)+ 0.107 1"(31.65) 0.040, 0.802, 25.2
r(31.65) = 0.056 �0.242x(90.0) + 0.014 "r(20.6) 0.014, 0.984, 9.0
1"(90.0) =-0.229 + 0.279 'r(20.6) + 3.78 'r(31_65) 0.056, 0.985, 13.7

* Statistics are as in Table 7.

Table 9. Regression relations between absorption 1" (rIB) at 20.6, 31.65, and 90.0 GHz

at Denver, Coloratlo, December 1987 Jsee Eq. (5)J

Regression relation Statistics*

Cleat" conditions
(L < 0.0033 cm; N = 15701)
'r(20.6) = 0.039 + 0.451 I(90.0) "r(31.65) 0.027, 0.968, 6.1
'r(31.65)= 0.056 + 0.177T(90.0) + 0.047 "r(20.6) 0.012, 0.961, 5.6
r(90.0) =-0.148 + 1.072'r(20.6)+ 2.125 'r(31.65) 0.043, 0.978, 5.3

Cloudy conditions
(L > 0.0033 cm; N = 2091; 'r(90.0) < 12 tlB)
'r(20.6) = 0.046 + 0.024 r(90.0) + 0.425 'r(31.65) 0.067, 0.961, 8.3
'r(31.65)=-0.404 + 0.090T(90.0) + 0.995 'r(20.0) 0.103, 0.972, 15.5
'rl90.0) =-1.1,11 + 2.119T(20.6) + 3.,-160 'r(31.65) 0.637, 0.95,1, 22.1

All data
(N = 17792; T(90.0) < 12 tiP,)
'I"(20.6) = 0.310 + 0.051 '1"(90.0) + 0.,187 'r(31.65) 0.084, 0.878, 16.9
1"(31.65)= 0.0(16 + 0.182r(90.0) + 0.151 'r(20.6) t).047, 0.975, 17.2
a'(90.0) =-0.322 + 0.380r(20.6) + 4.347 'r(31.65) 0.229, 0.974, 21.8

" Statistics are as in Table 7.
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7. SUMMARY AND CONCI.USIONS

Measurements of atnlOSl'_lleric attentnalion at 20.6, 31.65, and 90.0 GIIz at

climatically different locations and months (San Nicolas Island, California, July 1987,
and Denver, Colorado, December 1987 and AtJgusl 1988) have shown reasonable con-

sistency between theory anti experiment, both in clear air and during cloudy conditions.

I)uring clear conditions, comparisons between brightness temperatures that were meas-

tired and those that were calculated from on-site radiosondes, have average differences

less than 3.9 K a,ld standard deviatioJls less than 2.3 K. The average differences are

due (a) to uncerlainlies in calculating file wing contributiorl to absorption from the 60

GI Iz rnolecular band of oxygen; (b) to problems in calculating water vapor absorption;

and (c) to uncertainties in calibraling tl_e radiometers. The largest bias (3.9 K) was ob-

served at 20.6 GIIz dtlriqg August 1988 The inability to accotmt correctly for water
vapor is a likely exl'_lanation for this bia._. The ratios of cloudy attermation values arc

reasonably consistent between the two locations. Probability distributions for attenu-

ation were derived for the three climatologies and were both location arJtl season de-

i_entlenl. Finally, we (le,llonsti'ated that at a _iven location and season, the attenuations

from any two of Ihe ch_mnels could significantly predict the attentmtiorl of the remain-

ing one (correlation coelficients greater tha_l 0.90). This r_l'edictability as based on

stratifying the data sets into clear anti clouciy samples and then using linear regression

analysis.

8. FUTURI_ WORK

Three specific tasks will be accoml_lished during fiscal year 1989: (I) joint attenu-

alion statistics t_,t 20.6 and 31.65 GIIz) will be developed anti analyzetl for two Iota-
lions of the Ctflorado Research Network. Denver and Platteviile are the fwobahle Iota-

lions. (2) A 23.87 GI Iz radiometer has been r_urchased and will be both laboratory and
field lested. Simullaneous measuremenls at 2(I.6, 23.87, 31.65, and 90.0 GIIz will be

cornpared with each other anti wilh theoretical calculations based on radiosondes. (3)

The three-channel Iransf_ortable radiometer will be taken to another location-one Ihat
is climatically different from Denver, Coloratlo, and San Nicolas Island, California.

l_t_th clear and cloudy attenuation tiara will be collected there for analysis.
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